Mesangial cells (MCs) grown without supplemental insulin (SI-MO) express a qukscent phenotype and extracellular matrix (ECM) composition similar to MCs in vivo. In contrast, MCs routinely propagated in insulin (SI+MCs) are stimulated to proliferate, change their phenotype, and produce large amounts of collagens I and III. These effects of insulin may in part be mediated through cytoskeletal rearrangement. Difkences in cytoskeletal arrangement were compared between SI-MCs and SI'MCs and 1 hr after addition of insulin (1 nM) or IGF-1 (100 nM) to SI-MCs. Cells were examined by light microscopy, electron microscopy, and immunostaining for specific cytoskeletal proteins and fibronectin. Insulin induced rapid rearrangement of stress fibers. Sur-' face ruffling, actin aggregation, vimentin retraction, rearrangement of vinculin in focal adhesions, and fibronectin extraction were apparent. These direct effects of insulin on the SI-MC cytoskeleton occurred before insulin-induced changes in ECM composition. IGF-I induced cytoskeletal reorganization distinct from insulin. These observations demonstrate that insulin and IGF-I have unique effects on the MC cytoskeleton, which in turn may mediate secondary ligand effects on MCs. (Jfistochem Cytochem 4:91-101, KEY WORDS: Rat mesangial cells; Insulin; Cytoskeleton; Extracellular matrix; Microscopy.
Introduction
There is growing evidence that the cell fiber system, including the extracellular matrix (ECM), the cytoskeleton, and the nuclear matrix, plays an important role in gene regulation, protein synthesis, and cell function (1). Cytoskeletal rearrangement is associated with reorganization of nuclear matrix and DNA, such that those genes located close to the outer nuclear surface can be acted on by transcription factors, hormones, and other growth factors (1.2). The organization of the cytoskeleton with accompanying cellular attachments to the ECM influences cyclin expression and cyclin-related kinases critical to DNA synthesis and cell division (3). Protein synthesis is organized by the cytoskeleton, with mRNA transported from the nucleus on intermediate filaments to various locations within the cytoplasm (4). At any given time, a significant percentage of polyribosomes can be attached to the cytoskeleton, and acute rearrangement of the cytoskeleton can d u e n c e translation of these mRNAs (5,6). A number of agents, including epidermal growth factor (EGF), insulin, insulin-like growth factor-I (IGFI), and platelet-derived growth factor (PDGF) can influence changes in polysome attachment and cytoskeletal organization (4,7,8). Therefore, long-term hormonal effects on gene regulation and rapid effects on mRNA translation may be mediated by initiation of changes in cytoskeletal rearrangement.
We previously described insulin-mediated changes in mesangial cell (MC) phenotype and ECM composition (9-12). Supraphysiological concentrations of insulin (1 VM) are often added to primary cultures to facilitate outgrowth of a variety of cells, including MCs (13-16). MCs propagated in insulin (SI'MCs) form large collections of cells and ECM "hillocks" that are rich in collagens I and 111 (11, 17) and poor in collagen IV and fibronectin (11,12). Insulin is often omitted from the culture medium of these cells at the time of plating for a particular experiment. However, we have found that after MCs have been propagated with insulin for more than four passages, they maintain the capacity to form hillocks and to secrete an abnormal ECM even in the absence of insulin. Recently, we developed cultures of rat glomerular MCs propagated from the time of initial explant without supplemental insulin (SI-MCs) (11J2). These MCs differ from SI'MCs in that they accumulate a thin layer of ECM around each cell. This ECM is rich in collagen IV, fibronectin, and laminin (11,12), similar to normal mesangial matrix in vivo (9). These MCs (SI-MCs) can be induced to change their phenotype to that described for SI'MCs by addition of low doses of insulin but not of IGF-I, thus confirming the role of insulin. In addition to changes in ECM composition, SI-MCs and SI+MCs differ in shape and pattern of staining for f-actin. These differences are similar to what has been shown for other cell types in which insulin induces rapid cytoskeletal rearrangement (4,5,7) and alters collagen synthesis (llJ8). Likewise, through interaction with specific integrins, ECM engages the cytoskeleton and influences cell shape and regulation of protein synthesis (19, 20) . Therefore, a change in ECM composition might be expected to engage a new subset of cellular receptors and thereby influence cell function and morphology.
We wondered whether the striking differences in actin arrangement between SI-MCs and SI' MCs were the result of insulin acting directly on the cytoskeleton or a secondary effect of changes in ECM composition. Furthermore, because many of the effects of insulin at high concentration on MCs have been attributed to insulin binding to the IGFl receptor (21) , we wondered if the cytoskeletal differences in the two cultures would be duplicated by IGF-I. To answer these questions, we first defined the pattern of cytoskeletal organization in SI-MCs and in MCs chronically exposed to insulin (SI' MC). Then SI-MCs were treated with insulin (1 nM) or IGF-I (100 nM) and examined 1 hr later. The rapid and specific effects of insulin on cytoskeletal reorganization were assessed by fluorescent staining for f-actin, a-smooth muscle cell actin, vinculin, vimentin, and fibronectin. Ultrastructural correlates were determined by electron microscopy. These studies demonstrate that insulin induces rapid rearrangement of the MC cytoskeleton before the accumulation of an ECM of altered composition. These effects are specific for insulin, as IGF-I induces changes distinct from those of insulin.
Materials and Methods
Materials. The following reagents were purchased from the designated suppliers: Bodipy phalloidin 503/512 (Molecular Probes; Eugene, OR); regular bovine insulin and recombinant human IGF-I (Collaborative Research; Waltham, MA); Medcast (epon) (Ted Pella; Redding, CA), monoclonal V9 mouse atitiswine vimentin (Dako; Glostrup, Denmark), monoclonal mouse antihuman a-smooth muscle actin (a-SMA), and monoclonal mouse antivinculin (Sigma Biochemical; St Louis, MO), fluorescein-and rhodamineconjugated secondary antibodies (Jackson Laboratories; West Grove, PA), four-chamber tissue culture slide flasks (Nunc; Naperville, IL), and Fluoromount, aqueous glycerol with (1,4-diazo-bicyclo(2,2,2)octane) (Fisher Scientific; Pittsburgh, PA). Rabbit antirat fibronectin was prepared as described (12).
CeU Culture. Rat glomerular MCs were prepared by modification (1 1) of routine methods (13). In brief, glomeruli were isolated by sieving minced rat kidney cortex. Glomeruli from one rat were divided into two aliquots and plated. The initial medium contained a 1 : l mix of 20% FCS-RPMI 1640 and previously collected glomerular conditioned medium (11). One set of cultures had no other additives (SI-MCs), whereas the second set (SI'MCs) had supplemental insulin (1 pM) added, as is routine (13). Mesangial outgrowths were harvested and passaged in the same medium for an additional week, at which time conditioned medium was omitted. Cells were cloned by limiting dilution and studied at passages 8-12. Until the time of plating for experiments, MCs were maintained in 20% FCS-RPMI 1640, with (SI'MCs) or without (SI-MCs) supplemental insulin. Both cultures displayed characteristics of MCs, and their insulin receptor expression, proliferative response to insulin and IGFI, and ECM composition have been described previously (11,12). Experimental Design. In previous studies we had noted that SI-MCs were larger and flatter compared to the strap-like and elongated appearance of SI' MCs. This suggested that their cytoskeletal organization might differ. To examine this, SI-MCs and SI' MCs (passage 8) were plated in cham-ber slides, grown for 4 days in their respective standard media, fixed, and processed for light and fluorescence microscopy. Because SI-MCs proliferate rapidly, confluent cultures were examined so that cell densities were comparable. Although differences in cytoskeletal orgarmation were observed, SI' MCs are not ideal for further studies to define the specific role of insulin. After the fourth passage, withdrawal of insulin from SI' MCs does not result in a reversal of phenotype. Specifically, they continue to elaborate an ECM rich in collagens I and 111, thus making it difficult to determine the factor responsible for cytoskeletal arrangements. At pharmacologic concentrations of insulin, insulin activates both insulin and IGF-I receptors. Therefore, the phenotype of SI' MCs may reflect a combination of effects of these two ligands.
To evaluate the immediate and specific effects of insulin, SI-MC (2 x lo4 cells per chamber, passage 11) were plated in standard medium. After 1 day the cells were rendered quiescent by reducing the FCS to 2%. Two days later cultures were visualized by light microscopy to ensure that the degree of confluence and cellular morphology was comparable in each of the chambers. Fresh medium (2% FCS-RPMI) alone, or with insulin (1 nM) or IGFI (100 nM) wa added. Wells were incubated at 37°C for 1 hr, after which cells were fixed and examined as described below. Experiments were performed in triplicate on two separate occasions. Photographs were taken of cytoskeletal arrangements that occurred in over 60% of the cells. When cells are exposed to the ligands for longer periods of time, approximately 80% of the cells display the phenotype characteristic of a given medium. At 1 nM insulin the IGFI receptor is not activated, but this dose is sufficient to stimulate SI-MCs to proliferate. IGF-I stimulates SI-MC proliferation in a dose-dependent manner at 10-100 nM, doses that do not bind to the insulin receptor (22). Therefore, 1 nM insulin and 100 nM IGF-I were selected to examine the specific effects of each ligand on the cytoskeleton.
Fluorescence Microscopy. MCs were plated into chamber slides in the desired medium for the times designated above. Cells were fixed for 15 min at room temperature (RT) in 2% paraformaldehyde in PBS, pH 7.6. After rinsing in PBS. cells were permeabilized in PBS containing 0.05% Triton X-100 for 3 min, and rinsed three times in PBS. Slides were incubated with the desired primary antibody (antibody dilutions: vimentin 1:100, a-SMA 1:200, vinculin 1:400, fibronectin 1:512) for 20 min at RT, rinsed. and incubated with the appropriate fluorescein-conjugated secondary antibody (1:128) for 20 min. Controls included nonimmune IgG. In some cases cells were double stained for two different antigens by using a rhodamine-conjugated secondary antibody. To visualize f-actin, slides were stained with 12.5 pglml of Bodipy phalloidin for 20 min at RT. All slides were mounted in Fluoromount and observed with a Leitz microscope equipped for epi-illumination. The fluorescent images were recorded on Kodak DX 400 black-and-white film.
Electron Microscopy. MCs were rinsed with PBS and fixed in 2% glutaraldehyde in cacodylate buffer for 2 hr at 4%. Cells were washed with cacodylate buffer three times for 10 min each at RT, osmicated with 1% os04 for 30 min at RT, and washed three times with cacodylate buffer. Cells were scraped with a rubber policeman, placed in microfuge tubes, and sequentially dehydrated through ascending concentrations of alcohol (35-loo%), through propylene oxide to Medast, and polymerized (23). Approximately 70-nm sections were made with a Sorvall MT6000 ultramicrotome. Specimens were examined with aJEOL TEM SlOO electron microscope.
Results

Cytoskeletal Architecture in Cells Chronically Exposed to Insuhn
Both SI-MCs and SI' MCs grown to confluence piled up on top of each other and became multilayered. Light micrographs of prolifer- ating cells before confluence showed that the phenotype of SI-MCs was typical of smooth muscle cells, in that they formed sheets of oval, smooth, spindle-shaped cells. In contrast, SI+MCs were elongated, strap-like, and had long filopodial extensions similar to myofibroblasts (24). The phase-contrast micrographs in Figure 1 show the morphological characteristics of smooth muscle-like SI-MCs compared to the fibroblast-like SI*MCs. These general differences in shape were a reflection of cytoskeletal rearranEement, as demonstrated in to SI%lCs. these cells show peripheral ruffling and lifting off from the substrate as anachmenls are released (arrows). (C) Another region of SI-MCs exposed to insulin for 1 hr. This demonstrated coalescence of actin into parallel arrays. The fibers are loose. suggesting that focal adhesions have been severed. As stress fibers are rearranged, they no longer appear crisscrossed over the nucleus, anached to the perinuclear ring, or to peripheral focal adhesions. Rather. they are aggregated in a central parallel array. (D) After addition of IGF-I (100 nM) to SI-MCs. stress fibers appear to have loosened from both central and peripheral anachments. Unlike MCs treated with insulin, new atlachments have formed (or old ones are selectively retained). which creates an elongated shape with peripheral stress fibers that appear under increased tension (Inset). Bar = 20 vm. bution of a-SMA is identical to that f-actin. This antibody to a-SMA stains the myosin-interactive region of actin which, when condensed, forms the backbone of stress fibers. In SI-MCs (Figure 3A) . the myosin-actin network was diffusely spread across the cells. Parallel condensation of stress fibers and few irregular focal attachments were seen in SI'MCs ( Figure 3B ).
Rapid Effects of Insufin and IGF-I on SI-MCs
To specifically test for rapid hormonal effects, SI-MCs were incubated with insulin or IGF-I for 1 hr. F-actin rearrangement is shown in Figure 4 . Untreated SI-MCs had abundant microfilament bundles that criss-crossed the cell. These anchored the cell membrane to peripheral ECM sites and to subcortical areas adjacent to the nucleus ( Figure 4A ). Shortly after the addition of insulin (1 nM) ruffling occurred. The leading edges of the lamellar veil lifted up from the substrate, protruded vertically, and folded backward ( Figure  4B) . These changes were a harbinger of rapid cytoskeletal rearrangement, in which stress fibers became relaxed and loosened from some peripheral ECM attachments. Release of ECM attachments was associated with central and peripheral coalescence of actin bundles ( Figure 4C ). which was typified by bright staining of f-actin. This cytoskeletal organization was associated with a flattened "geodesic dome" appearance. The effects of IGF-I were distinct from those of insulin. Within 12 hr of the addition of IGF-I ( Figure 4D ), ECM attachments were released. New peripheral attachments appeared to form as cells developed marked elongation in their shape (Figure 4D, inset) . No central coalescence of actin was observed as occurred with insulin, but actin filaments spanned the polar length of the cell under great tension. Staining for a-SMA showed identical configuration to that of f-actin in SI-MCs and those treated with insulin (data not shown).
As illustrated by vimentin staining of SI-MCs ( Figure 5A ), vimentin or Type I1 intermediate filaments concentrated around the nucleus as a ring of small beads from which bundles of vimentin diffused throughout the cytosol to the periphery. In cells exposed to insulin (1 nM) for 1 hr. the bright ring of condensed vimentin around the nucleus disappeared (Figure SB) . The vimentin network appeared collapsed, with large relaxed bands of vimentin extending to the periphery of the cell and terminating in a loose secondary outer ring of vimentin just under the plasma membrane (cartwheel effect). The condensation of vimentin centrally corresponded to the similar rearrangement of actin into this location ( Figure 4C ), and the loose outer ring of vimentin corresponded to the reduced number of clusters of focal adhesions. Although fibronectin has been found abundantly in ECM (11), it is initially deposited under the cell body of SI-MCs and along the peripheral edge between cells ( 2 5 ) ( Figure 6A ). Dual staining of SI-MCs for fibronectin and vinculin ( Figures 6A and 6B ) showed many focal adhesions that were relatively evenly spaced around the edges of the cell. These corresponded in arrangement to the diffusely spread fibronectin. In cells treated with insulin ( Figures 6C and  6D) , fibronectin was detected in areas of the cells that had detached, retracted, and lifted from the plate. This was demonstrated by the coalescence of fibronectin in and under the cell body without evidence of exterior fibronectin "footprints" (Figure 6C ). The reciprocal release and congregation of some focal adhesions was evidenced by the reorganization of vinculin ( Figure 6D ). These changes correlated with previously depicted actin rearrangement and morphological change.
When SI-MCs were examined by electron microscopy ( Figure  7A ), typical quiescent morphology, with a smooth distended nucleus, moderate filopodial extensions, mitochondria, and endocytic vacuoles were seen. There were abundant polyribosomes in the cytosol, and prominent microfilaments. Organized cords of intermediate filaments (including vimentin) circled and anchored the nucleus ( Figure 7B ). SI-MCs exposed to physiological concentrations of insulin (1 nM) for 1 hr ( Figure 7C ) showed a different ultrastructural organization. Multiple nuclear invaginations, prominent filopodia, and increased numbers of coated pits were evident. The parallel actin filaments underlying the plasma membrane (Figure 7D ) had been rapidly remodeled into a dynamic meshwork of actin supporting increased membrane activity. Vimentin surrounding the nucleus appeared looser and disorganized. This was accompanied by nuclear invagination and perinuclear condensation of DNA. Mitochondria and ribosomes associated with the intermediate filaments were relocated as vimentin appeared to rebound inward.
Discussion
MCs play a critical role in glomerular function, having secretory, phagocytic, and contractile properties (26). Complex cytoskeletal organization is important in maintaining the metabolic and structural properties of the cell and its ability to respond to external stimuli. We have previously observed significant differences in the morphology of MCs chronically cultured with and without supplemental insulin (11, 12) , as well as distinct changes in ECM amount and composition. This study demonstrates that within 1 hr of exposure, insulin induces significant rearrangement of the cytoskeleton. These effects on the cytoskeleton dictate phenotypic changes and may mediate both rapid and long-term changes in protein synthetic profiles.
In the untreated state, SI-MCs have a smooth muscle cell-like appearance and secrete an ECM rich in fibronectin and collagen IV (11,U). Many focal adhesions containing vinculin are uniformly distributed around and under the cell surface. These focal adhesions anchor the cell to fibronectin or other ECM proteins (27, 28) . Actin fibers (stress fibers) span the cell, running from focal adhesion to focal adhesion and from focal adhesion to the cortical ring of vimentin that surrounds the nucleus (29). The nucleus is tensionally suspended in this junctional complex (29-31), which presumably accounts for the smooth appearance of the nuclear sur-face in electron micrographs. These features are typical of a quiescent cell that is not actively proliferating and are analogous to normal MCs in vivo. One hour after insulin treatment, marked differences in actin and vimentin arrangement, vinculin-and fibronectincontaining focal adhesions, and nuclear and ribosomal morphology were observed. Therefore, it appears that insulin initiates a cascade of events with profound effects on the ultrastructural organization of MCs.
The addition of insulin to SI-MCs was associated with rapid polymerization of actin under the plasma membrane, around coated pits, and adjacent to peripheral integrins. This rearrangement appears to drive the lifting (ruffling) of the peripheral membrane and the release of MCs from ECM attachments. Similar ruffling has been seen in a variety of other cells including KB, hepatoma, pig kidney, and 3T3 cells (4, 5, [32] [33] [34] [35] . The ruffle or wave action has been shown to sweep backwards toward the nucleus. As this occurs, ventral adhesion plaques are progressively broken and localized, and integrin-bound fibronectin (36-38) is lifted from the plate, causing further cytoskeletal restructuring. Similar changes were observed in the MCs. In addition to ruffling, other changes in actin arrangement were observed. Staining for a-SMA and f-actin, which show similar patterns, revealed that actin fibers release from focal adhesions. They coalesce into bright parallel stress fibers in the central portions of the cell and around the few clustered peripheral focal adhesions (39, 40) . Studies of cytoskeletal models show that these triangulated, isotropic lattices of actin are unstable, and if they are not repegged into their original shape they easily convert into highly packed tetrahedrons, similar to what we observed in SI+MCs. Endotoxin, lipid A, CAMP, and cytokines are known to modulate MC cell shape (25, 41, 42) , and coalescence of f-actin and a-SMA has been seen in cells preparing to move or divide (43) . However, the unique cytoskeletal rearrangement in MCs exposed to insulin has not been described previously.
Considerable literature exists concerning a-SMA and its increased expression during development and in a variety of renal diseases (44, 45) . These increases in a-SMA in vivo may reflect direct action of growth factors on cytoskeletal organization. Alternatively, with chronic exposure to these agents, increased synthesis of actin (46) and changes in ECM composition may occur. Each of these changes may independently influence cell morphology. The increased a-SMA described in SI+MCs in vitro (47,48) and mesangia in vivo (44, 45) have been postulated to represent the "activated MCs." Herein we have demonstrated that the bright central staining of congregated a-SMA that parallels f-actin and typifies MCs routinely cultured in most laboratories is due at least in part to the presence of insulin in the culture medium. The rapid effects of insulin on the cytoskeleton of SI-MCs are reversible with the withdrawal of insulin. The effects become irreversible after chronic exposure to insulin (SI+MCs), which implies that an undefined secondary effect of insulin perpetuates the altered phenotype. We noted that not every cell in the culture responds to insulin by rearranging its cytoskeleton. This was surprising, because individual SI-MCs express comparable numbers of insulin receptors (11), and therefore we expected them to respond equally to ligand. The failure of some cells to respond suggests that receptor ligation cannot induce signal transduction in some of the cells. This observation may be relevant to variable glucose uptake, because glucose transporters such as GLUT1 and GLUT4 are moved into the membrane by insulinactivated cytoskeletal reorganization (49). Heterogeneity of response to various stimuli, including MC contractility, have been observed in various cell culture systems. The reasons for variability of response are not known, but in some cases they are linked to the stage in the cell cycle.
The present studies are the first to describe insulin-induced reorganization of vimentin. Insulin receptor-mediated activation of phosphorylation may modulate the cytoskeletal reorganization (50-52), because phosphorylation causes fragmentation and depolymerization of vimentin and tubulin (52). By attaching to lamin B on the outer surface ofthe nuclear envelope (6,31,50) , the vhentin network directly interacts with the nuclear matrix to regulate gene transcription (1.29). This complex is pulled outward by microtubules and binds indirectly to the plasma membrane. In concert, this cytoskeletal organization keeps the nucleus suspended and the plasma membrane attached to the substrate. After treatment with insulin the tension of the vimentin network in SI-MCs is lost. The nucleus invaginates, and segments of DNA condense near the periphery of the nucleus. This exposes regions of the genome for regulation by transcription factors (1). Therefore, the changes in nuclear structure and chromatin aggregation observed in insulintreated MCs suggest that insulin may regulate MC gene transcription in part through cytoskeletal reorganization.
Comparison of vinculin staining in MCs showed release of many focal adhesions and regional clustering of others in association with insulin treatment. By clustering, vinculin (a substrate for transforming protein kinase pp60 src) can transform both cell morphology and adhesive behavior (4). In addition, procollagenase and prostromelysin (53,54), which are located adjacent to integrins, can be activated by cytoskeletal rearrangement and thereby degrade ECM proteins and disrupt focal adhesions (5554). We presume that this occurred with insulin treatment because double staining for fibronectin and vinculin showed that matrix fibronectin remained attached to the cell surface and moved with the cell membrane as it ruffled. Once detached, fibronectin can either be laid back down under the restructured cell or enzymatic fragments can act as signaling molecules that regulate gene expression and matrix remodeling (5 5). Insulin has rapid effects on protein synthesis in the absence of RNA synthesis, which may be mediated by cytoskeletal rearrangement. mRNAs are transported, spatially reorganized, and attached to specific cytoskeletal proteins (4,56), where various translational co-factors exert extensive translational control (32,46). In 3T3 cells, insulin causes free cytosolic ribosomes to become cytoskeleton-bound ( 5 ) . Insulin-treated MCs demonstrate a similar shift in polysomes. mRNAs for some ECM proteins are cytoskeleton-bound, and ECM protein synthesis is predominantly regulated during translation (37). Therefore, the modified cytoskeleton of SI+MCs may in part mediate the effects of insulin on ECM protein synthesis that we have described (1412). Studies of the effects of insulin on specific MC-ECM attachments and the mechanisms of insulin-mediated regulation of ECM synthesis are in progress.
SI+MCs lack detectable insulin receptors but express abundant IGFI receptors (21, 57) . Therefore, it has been postulated that, at high concentrations, insulin effects on MCs mimic those of IGF-I by activating the IGFI receptor (57). Previously, we have shown that SI-MCs express abundant insulin receptors that are rapidly downregulated by exposure to high concentrations of insulin (12). These cells have a greater proliferative response to insulin than to IGF-I, and these ligands induce different changes in ECM protein synthesis (11, 12) . The present studies demonstrate that insulin and IGFI have independent effects on the MC cytoskeleton. IGF-I rearranges the cytoskeleton into elongated bi-and tripolar bundles. Few studies of the effects of IGF-I on the cytoskeleton have been reported in other cells. In a separate report, we detail the unique effects of IGFI on the MC cytoskeleton (manuscript in preparation). SI'MCs express a combination of the changes mediated independently by insulin and IGFI.
We believe that these observations are relevant to the behavior of MCs in vivo under normal and abnormal conditions. SI-MCs express both insulin and IGF-I receptors, have a smooth muscle cell-like morphology, and elaborate an ECM with a composition similar to that of normal mesangial matrix in vivo (11J2). In vivo, circulating levels of insulin are normally quite low, with transient increases after each meal. In this state, cells maintain maximal sensitivity to insulin and insulin acts to provide substrate (glucose, lipids, and amino acids) for energy production, as well as protein and cell membrane synthesis. It seems likely that this occurs with the MCs as well. Because all patients with diabetes are either insulinresistant or are treated with exogenous insulin, the complications of diabetes develop after many years of hyperglycemia in an insulinreplete state. A wealth of data demonstrate a variety of adverse effects of hyperglycemia (reviewed in 10). We have shown in vivo and in vitro (1 1,12) that exogenous insulin has additional adverse effects and that in the presence of hyperglycemia these effects are additive. Considerable additional information is needed to correlate data obtained in vitro with in vivo biology and to fully delineate the contribution of each of the factors in the abnormal metabolic milieu that are responsible for the complications of diabetes mellitus.
Summary
Cells contain elaborate three-dimensional skeletal networks that form integral structural components of the nucleus, cytoplasm, plasma membrane, and ECM. This system is interconnected and undergoes dynamic shifts in structure and conformation, such that a change in one matrix component transmits changes to the rest of the system. The present study shows that insulin and IGF-I have direct but different effects on the MC cytoskeleton. Insulin rapidly releases MCs from fibronectin attachments in the ECM and leads to cytoskeletal rearrangements that have been associated with the "activated" phenotype (45) or with a cell that is preparing to move, divide, or differentiate (36). In the MCs these changes have been followed by increased proliferation and dramatic changes in composition and amount of ECM (11,12). In this manner, MCs acquire a new phenotype and protein synthetic profile that is analogous to what occurs in renal disease (9,45). Although 
